Abstract-Functional near-infrared spectroscopy (fNIRS) is an emerging non-invasive optical technique which can measure cortical brain activities. This study describes the development of one-channel fNIRS system designed for brain-computer interface (BCI), six subjects participate in the experiment, the concentration changes of oxy-hemoglobin (HbO 2 ) and deoxy-hemoglobin (Hb) during mental arithmetic task are measured. And physiological noise in hemodynamic responses are reduced based on empirical mode decomposition (EMD). EMD is a data-driven and adaptive algorithm for analyzing non-stationary data. This method decomposes the original data into a set of intrinsic mode functions (IMFs). Noise can be eliminated by selecting appropriate IMFs. Compared with conventional butterworth filter, EMD achieves a higher contrast to noise ratio (CNR) in physiological noise reduction.
The measured hemodynamic signals are influenced by cardiac and respiratory activities, also by low-frequency oscillations (Mayer wave, around 0.1 Hz) [5] . Numerous methods have been employed to reduce physiological noise, including low-pass filtering [6] , wavelet denoising [7] , independent component analysis (ICA) [8] , Bayesian filtering [9] , etc. Low-pass filtering is a common method for reducing physiological noise, while the disadvantage of low-pass filtering is that both of hemodynamic responses and noise can be reduced due to their components overlapping in the range of frequency spectra.
Empirical mode decomposition (EMD) presented by Huang et al. [10] is a data-driven algorithm for analyzing non-stationary signals, this method is adaptive because none of specified basis functions are used. The basis functions are obtained from the signal itself.
In this study, one-channel fNIRS system was designed and six subjects participated in mental arithmetic tasks to validate the system performance. EMD algorithm was used to reduce physiological noise which was mixed in the hemodynamic responses elicited by brain functional activities.
II. MATERIALS AND METHODS

A. fNIRS Instrument
Recently, there are three optical measurement categories: time domain (TD), frequency domain (FD) and continuous wave (CW) measurements. TD and FD methods can measure the path length of photons, and the absolute concentration values of hemoglobin can be acquired. However, these instruments are expensive, and technically demanding. In our instrument, CW method was applied to measure the relative concentration changes of hemoglobin. In cognitive studies, the relative values can provide enough information to present brain activation.
This instrument is made up of four parts: light emission, light transmission, light conversion and signal processing. The schematic diagram of this instrument is shown in Figure 1 . Two laser diodes at wavelengths of 695 and 830 nm were employed as light sources. The laser diodes were modulated with sinusoidal signals with the frequency of 1 and 2 kHz, respectively. The light shed on the scalp through the fiber, and avalanche photodiodes (APDs) were used to detect the light scattering from the brain tissue. The optical fiber bundle with a diameter of 2.5 mm was used to transmit the light into the Development of one-channel fNIRS system and physiological noise reduction in brain hemodynamic responses Xuxian Yin, Gang Shi, Zhidong Wang, Hongyi Li
Proceedings of the 2015 IEEE Conference on Robotics and Biomimetics Zhuhai, China, December 6-9, 2015 APDs. Lock-in amplifiers were used to obtain the light intensities at two modulated frequencies, and the output signals of lock-in amplifiers were acquired at 100 Hz through a data acqusition card. 
A. Lock-in Amplifier Algorithm
Lock-in amplifier can recover the low-level signals overwhelmed in nosie through extracting the signals which possess the same frequency as the input. Two lock-in amplifiers are needed in one-channel fNIRS system, however, the lock-in amplifier is expensive and results in a burden to the multi-channel system. Lock-in amplifier algorithm has been investigated in our work [11] , this work assuming a signal S with a frequency f, and the signal S is digitized at a sampling rate f s :
where N is the sampling number. Then the signal S is multiplied by two in-phase and quadrature reference signals, R 1 and R 2 .
where the amplitudes of R 1 and R 2 are set to one, and the phases set to zero. According to the integral orthogonality principle:
where i and j are integers. This orthogonality principle is applied to Eq. 4 and Eq. 5 giving X out = A, Y out = B, and the amplitude of S is obtained: 
B. Modified Beer-Lambert Law
In this study, continuous wave (CW) method was used for NIRS measurement, and two wavelengths were employed to calculate the concentrations of hemoglobin. With CW method, only relative concentration changes can be acquired. The concentration changes of Hb and HbO 2 between two different time points (t 1 and t 2 , t 1 < t 2 ) are obtained by the following modified Beer-Lambert law: 
where ΔC Hb andΔC HbO2 are the concentration changes of Hb and HbO 2 , respectively. Ɛ is the extinction coefficient, λ 1 and λ 2 are two wavelengths. I is the light intensity, DPF is the differential path factor, d is the distance between detector and emitter. According to the measurements by Duncan [12] , DPF 695 = 6.51 , DPF 830 = 5.86.
C. Experimental Procedure
To validate the performance of the fNIRS instrument, six subjects participated in the mental arithmetic tasks. Before the experiment, subjects were instructed to be familiar with the procedure and control their brain activation (as shown in Figure 2 (a) ). Subjects performed three-digit number additon (e.g., 352 + 271). The three-digit number is randomly presented with text in the computer screen. Each subject performed thirty trials. A single trial time is 30~35 s, consisting of 5 s in preparation block, 10 s in mental task block, and 15 ~ 20 s in rest block. The schematic diagram of experimental procedure is shown in Figure 2 (b) .
D. Signal Processing
The measured fNIRS signals due to mental arithmetic are contaminated by physiological noise, including heartbeat (0.8 ~ 1. 
where N is the total number of IMF and r(t) is the residual. In general, the signal can be considered as fast oscillations superimposed on slow oscillations [13] . For brain response signals evoked by mental arithmetic, the noise are mainly heartbeat, respiration and mayer wave. Compared with useful NIRS signals, the noise are periodic and fast oscillations. Noise can be reduced by selecting appropriate IMFs. In the EMD domain, the lower-order IMFs are fast oscillations and usually zero-mean, these IMFs are generally interferences.
In this study, a t-test is performed to select the useful IMFs to reconstruct the signal. In the t-test, the hypothesis is the following: 
where N M is the mean value of the Nth IMF. Under the condition of significance level α = 0.05, if p-value is less than α, thus the null hypothesis H 0 is rejected and in favor of H 1 . And the IMF is selected for signal reconstruction. Otherwise, the t-test was implemented from the next IMF. The NIRS signal was reconstructed with the sum of the selected IMFs. 
E. Constrast-to-Noise-Ratio (CNR)
In this study, contrast-to-noise-ratio (CNR) was used to quantify the SNR. The formula is as follows: 
where "dur" means the period during mental arithmetic, and "pre" means the period before mental arithmetic. Owing to the hemodynamic inherent delay, the time window between 6-15 s after the beginning of mental task as "dur" and 0-5 s before mental arithmetic as "pre". The larger CNR indicates that the ratio of mental arithmetic related NIRS signals to physiological noise is larger. 
III．RESULTS
The measured fNIRS signals and the frequency spectrogram are shown in Figure 3 . The figure shows that the fNIRS signals are contaminated by physiological noise, e.g. heartbeat, respiration and mayer wave. In order to reduce the noise, EMD method was used to decompose the original signals. Figure 4 shows the decomposed scale components of EMD, the low-order components are high-frequency interferences, and they should be eliminated. By selecting appropriate IMFs, the noise can be reduced. In this study, a statistical method relating to the mean value of IMFs was used to reconstruct the signal. The noise are generally periodic and zero-mean. Figure 5 shows the mean values of IMFs, the first six values are nearly zero, and deviates from the seventh. Then the noise can be reduced by selecting the IMFs from the seventh to the end. Figure 6 shows another characteristic of IMFs, the histogram of noise signal nearly obeys normal distribution, however, the histogram of useful fNIRS signals are not distributed regularly. Figure 7 shows the results of EMD reconstruction, and as a comparion butterworth filter was used. The figure shows that by EMD filter, the physiological noise can be reduced, and EMD achieves a better result than butterworth. And Figure 8 shows the CNR achieved by EMD is larger than that by butterworth filter. 
IV. DISCUSSION
The fNIRS technique is an emerging non-invasive neuroimaging method, which can be used in the research of cognition, brain function and breast cancer, etc. In this study, one-channel fNIRS system was developed. And six subjects participated in the mental arithmetic tasks to validate the system performance. EMD method was used to eliminate physiological noise in the measured fNIRS signals. Compared with the widely used conventional filter method, the results show that EMD achieves better performance than butterworth filter. Many methods have been implemented to remove the noise in the fNIRS signals, Akgul et al. [8] used ICA method to extract the useful fNIRS signal evoked with visual stimuli. Zhang et al. [14] employed eigenvector-based spatial filter to reduce the physiological interference. RLS adaptive filtering was used by Zhang [15] to recover the brain activity measurements, Monte Carlo simulation was implemented to validate the performance. There is another interference in the fNIRS signals evoked by head motion, this noise results in the amplitude changing abruptly and spikes with large amplitude. Cui et al. [16] found that the HbO 2 and Hb caused by head motion were strongly negatively correlated, based on the principle the motion noise was reduced and signal quality was improved. Wiener filtering was employed by Izzetoglu et al. [17] to eliminate motion artifacts present in fNIRS measurements. Generally, physiological noise are the main interferences for fNIRS signals, because subjects are requested to keep the body no moving when they are participating in the tasks.
EMD is a data-driven method, this method decomposes the original data into a set of intrinsic mode functions (IMFs), the noise can be reduced by selecting appropriate IMFs for reconstruction. None of specified basis functions are used in this method. The basis functions are obtained from the signal itself. EMD algorithm have been used in eliminating noise for electrocardiogram (ECG) [18] , electroencephalogram (EEG) [19] , global temperature data [20] , and esophageal manometric data [21] . Monte Carlo simulation based on EMD was performed by Zhang et al. [22, 23] to reduce physiological interference, the results show the contamination from the brain response can be effectively removed. However, they didn't validate the EMD method in real hemodynamic response, there exist limitations in simulation data. The simulation waveform is repeatedly present in similar shape and lacks the consideration of local characteristic. In this study, EMD method was used to reduce the noise in the real brain response evoked by mental arithmetic. Compared with butterworth filter, EMD can achieve a better performance.
EMD method can also be used in real-time processing by setting a short time window. Our future work will validate the real-time performance in reducing the physiological noise for BCI.
